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Abstract  
Data for major, minor and trace elements in groundwaters from Mt. Etna volcano 
collected in 1994, 1995 and 1997 were analysed using Cluster Analysis (CA). Two 
groups of sampling sites were identified (named clusters A and B), mainly on the basis 
of their different salinity and content of dissolved CO2. The highest levels of both of 
these parameters were observed in the sites of cluster A, located in the lower south-
western and central eastern flanks of the volcano. For both of the statistical groups, CA 
was repeated taking into account the mean values of each parameter in time, and the 
results allowed us to recognize four distinct groups of parameters for each group of 
sites on the basis of their temporal patterns. Four different types of temporal patterns 
were recognised: concave, convex, increasing, decreasing. The observed changes were 
basically interpreted as a result of the different response of dissolved chemical elements 
to changes in the aqueous environment and/or in their solubility/mobility in water due 
to different rates of input of magmatic gases to Etna’s aquifers. The main changes 
occurred in 1995, when Etna’s volcanic activity resumed after a two-year period of rest. 
The temporal changes of the majority of the studied parameters (water temperature, 
water conductivity, Eh, pH, Al, Mg, B, Ca, Cl-, Hg, Mn, Mo, Na, Ni, Se, Si, Sr, Cr Zn 
and pCO2) were not cluster-dependent, therefore they were not apparently affected by 
differences in water salinity between the two groups of sampling sites. A limited 
number of parameters (Ti, K, Li, HCO3-, As, Fe, SO42-, Cu and V), however, showed 
different behaviours depending on the cluster of sites which they belonged to, thus 
suggesting their apparent dependency on water salinity. 
 
Key words - trace elements, groundwater, Mount Etna, cluster analysis, volcanic 
activity. 
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1. Introduction 
 
The chemical characteristics of groundwaters in the absence of human 
perturbations, are the result of several geochemical processes that are closely linked to 
the local natural environment. Underground water acquires salts from leaching of the 
host rock, phenomenon strictly dependent upon the chemical composition of host rocks, 
the residence time of water - that in turn is a consequence of water flow velocity and 
length of the flow path - and the presence of reactive gas species, such as carbon 
dioxide (CO2), that dissolve into water and enhance water aggressiveness towards the 
rock. In an active volcanic environment such as Mt. Etna, the latter is a highly efficient 
process (Anzà et al., 1989; Giammanco et al., 1998; Aiuppa et al., 2000). Actually, 
magma-derived gases, in particular CO2, are abundantly released through the flanks of 
Etna besides their massive emission through the volcanic plume (Allard et al., 1991; 
Giammanco et al., 1995; D’Alessandro et al., 1997), and strongly interact with the 
aquifers. Dongarrà et al. (1993) and Bonfanti et al. (1996) found that the concentration 
of the major species in solution and particularly the calculated values of partial pressure 
of CO2 with which waters equilibrated can be subject to marked variations in time. 
Such variations were found to be caused both by seasonal effects and, more 
significantly, by increases in the volcanic activity of Etna. 
Previous works on minor and trace elements in Etna’s groundwaters (Giammanco 
et al., 1996; Giammanco et al., 1998; Aiuppa et al., 2000) showed that their 
concentrations mostly derive from the geochemical processes mentioned above. 
However, many of those dissolved elements can also be directly supplied by magma-
derived fluids and/or by hydrothermal fluids. Lastly, the pH and redox conditions of 
water can greatly affect the mobility of several trace elements in solution. These 
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conditions in turn depend on the amount of reactive gas interacting with groundwater 
and are expected to change markedly with time chiefly as a function of the intensity of 
volcanic activity. 
 
2. Geological and hydrogeological settings 
 
The large volcanic edifice of Mt. Etna (3,340 m of altitude and about 1200 km2 of 
total surface) has grown up during the last 500,000 years on the eastern coast of Sicily 
(Southern Italy) with the alternate superimposition of lava flows and pyroclastic 
deposits (Romano, 1982; Chester et al., 1985). During the last 5,000 years Etna has 
been persistently active and has erupted volcanic products essentially made of lavas, 
with a composition that ranges from alkali-basalt to hawaiite (Chester et al., 1985). 
Etna’s volcanic products lie over a thick (> 15 km) sedimentary substratum which is 
mostly composed of clays (Messinian age) to the East and South and of clay, marl and 
quartz-arenite units, aging from Triassic to upper Pliocene, to the West and North 
(Lentini, 1982). These units belong to the so-called Appenninian-Mahgrebian Chain 
that runs along Northern Sicily from East to West, linking the Appennines to the Atlas 
Mountains of North Africa, and is structurally a part of the Indo-European plate 
(Lentini, 1982). The units are reduced into several South-verging thrust sheets which 
progressively thrusted over each other during the collision with the African plate, from 
Eocene to the Quaternary (Lentini, 1982). 
The permeability of Etna's volcanics is generally high (2.5 × 10-7 to 2.9 × 10-6 
cm2, according to Aureli, 1973 and Ferrara, 1975), while that of the sediments of Etna's 
basement is on the contrary much lower (average value of 1 × 10-10 cm2, according to 
Schilirò, 1988). Such a large permeability contrast, together with the remarkable 
amount of water and snow precipitation that characterises the area, implies that Mt. 
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Etna volcano is also an important reservoir of groundwater (about 7 × 108 m3 of water 
available per year, according to Ogniben, 1966). 
The circulation of groundwater inside Mt. Etna is strongly influenced by the 
morphology of the sedimentary basement of the volcano. In fact, most of the waters 
that fall on the ground surface as rain and/or snow percolates through the permeable 
volcanic rocks. After reaching the impermeable basement, such waters move along 
radial directions towards the outer boundaries of the volcanic edifice. However, since 
Etna's basement reaches its maximum height (about 1200 m a.s.l.) slightly NW of the 
summit of the volcano and has a general slope towards SE, groundwaters tend to move 
and accumulate in the Southern and Eastern flanks of the volcanic edifice, where the 
number of springs and water-wells is actually highest (Ogniben, 1966). On the basis of 
the groundwater circulation, three main hydrogeological basins can be distinguished on 
Etna (Ogniben, 1966; Ferrara, 1990): the first roughly corresponds to the Northern 
sector of the volcano, the second includes a great part of the Western and Southern 
flanks and the third, which is the largest one, includes almost all of the Eastern part of it 
(Fig. 1). Regardless of the hydrogeological basin considered, the seasonal variation of 
water discharge from all of the springs of Mt. Etna normally shows two maxima, from 
November to January and from May to June (Aureli, 1973). The first period of high 
water discharge follows the period of highest rainfall in the area, whereas the second 
period of high discharge is related to spring melting of the abundant snow cover of Mt. 
Etna, with consequent transitory increase in the recharge of water into the local aquifers 
(Ogniben, 1966). 
 
3. Sampling and analytical methods 
 
Figure 1 
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Twelve sampling sites at Mt. Etna were chosen for the collection of groundwater 
samples to be analysed for their contents of major, minor and trace elements. Samplings 
were carried out in August 1994, November 1995 and September 1997 from 4 springs, 
6 water wells and 2 drainage galleries, quite uniformly distributed over the surface of 
the volcano (Fig. 1). These sampling sites are part of a larger group that was first 
surveyed in 1994, and the results of that study can be found in Giammanco et al. 
(1998). Hence, in the present work the sampling sites will be indicated with the same 
names used by Giammanco et al. (1998). Before sampling from wells, tap water was 
allowed to run for several minutes. Samples for laboratory analyses were collected into 
500 ml polythene flasks with screw caps. Prior to the sample collection, the flasks were 
rinsed at least four times with groundwater directly at the tap or at the spring and then 
three more times with filtered water, using a 0.45 µm membrane filter (GELMAN 
Sciences, Ann Arbor, Michigan - U.S.A.). After collection, each sample was filtered 
using the 0.45 µm Gelman filter, acidified with Ultrapur nitric acid to pH < 2 (0.2 % 
v/v) and then stored at approximately 4 °C. Water temperature, pH, Eh and electrical 
conductivity values were measured in the field with portable electronic instruments. 
Values of pH, Eh and conductivity are referred to the sampling temperature. The 
content of bicarbonate ion was also determined in the field by titration with standard 
hydrochloric acid 0.1 N using a bromocresol green - methyl red mixture as colorimetric 
indicator. Values of p(CO2) were calculated from pH and HCO3- values. 
Collected samples were quantitatively analysed at the Istituto Superiore di Sanità, 
Rome, for the determination of major species (Ca, K, Mg, Na, Si, Cl- and SO42-) and 
minor and trace elements (Li, B, Al, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Sr, Mo, 
Cd, Hg and Pb), after stabilisation of samples with nitric acid. The concentration of 
sulphate ion was determined through the turbidimetric method. Chloride anion was 
measured by potentiometric titration with standardised silver nitrate solution. The 
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concentrations of Ca, K, Mg, Na, Li, Sr, as well as Fe and Mn for a few samples 
particularly enriched in the two elements, were analysed by means of inductively 
coupled plasma emission spectroscopy using a Perkin - Elmer PLASMA 400 
spectrometer. Cold - vapour and hydride generation methods were applied to the 
determination of Hg and of the couple As - Se. These measurements were performed by 
a Perkin - Elmer 5000 atomic absorption spectrometer fit with Perkin - Elmer MHS - 20 
Mercury/Hydrade System and electrically heated cylindrical quartz cells. The 
concentrations of B, Al, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, Cd and Pb were 
determined by an Ati - Unicam SOLAAR 939QZ atomic absorption spectrometer using 
a SOLAAR GF90 Zeeman electrothermal atomiser and a SOLAAR FS90 PLUS 
furnace autosampler. 
The accuracy in the analytical procedures was verified using both certified 
reference materials (CRM 398 and CRM 399, Community Bureau of Reference, BCR, 
Brussels, Belgium) and synthetic aqueous solutions, following the procedure indicated 
by Giammanco et al. (1998). The precision of the values obtained by atomic absorption 
spectroscopy was determined as the percentage relative to standard deviation of three 
consecutive measurements of the reference and synthetic solutions. Both accuracy and 
precision concerning the other parameters were those indicated in literature (APHA, 
AWWA and WEF, 1992; Bauer et al., 1985). Detection limits (LOD) were set as three 
times the standard deviation of the blank. 
 
4. Results and discussion 
 
4.1. Geochemical characterization of sampled waters 
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The analytical results of the three surveys carried out on Mt. Etna are reported in 
Tables 1 and 2. The results for the major chemical species (Table 1) show that ten out 
of twelve samples displayed a bicarbonate alkaline-earth composition, typical of most 
groundwaters of Mt. Etna (Anzà et al., 1989; Giammanco et al., 1996, 1998; Aiuppa et 
al., 2000, 2004). Major elements in solutions are generally more abundant where the 
highest values of HCO3- concentrations are observed, which is an indication of  the 
important role of the interaction between groundwater and CO2 in enhancing basalt 
weathering. According to the model first proposed by Anzà et al. (1989), Etna’s 
groundwaters are of meteoric origin, based on their Deuterium/Hydrogen and 
18Oxigen/16Oxigen isotopic ratios. When rain waters enter the aquifer, they become 
enriched in CO2 which, according to the δ13C values already available in literature, is 
mostly of magmatic origin (Anzà et al., 1993; Allard et al., 1997; Aiuppa et al., 2004). 
This process is ubiquitous on Mt. Etna, although it is enhanced in the most fractured 
and seismically active zones of the volcano (i.e., the SW and the E flanks), and it seems 
to mask any evolution of water chemistry from recharge to discharge areas (Aiuppa et 
al., 2004, and literature therein cited). 
Sample C6 shows a chloride-sulphate alkaline-earth composition, being enriched 
in Cl- and particularly in SO42- ions. Sample B1 falls instead into the chloride-sulphate 
alkaline category, being particularly enriched both in alkali ions (Na+ and K+) and in 
Cl- ions. The peculiar compositions of these two samples have been explained by 
Giammanco et al. (1998) as result of interaction between groundwaters and evaporitic 
deposits rich in gypsum and chlorides, respectively at shallow (oxidizing) and deep 
(reducing) conditions. Presence of such sedimentary deposits underneath Etna’s 
volcanic products is inferred also from geological data (Lentini, 1982). 
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Water temperatures in the collected samples were in general low (9.0 to 21.8 °C) 
throughout the three surveys, indicating a relatively shallow and fast circulation of 
water within the volcanic edifice.  
 
4.2. Statistical treatment of data 
 
The chemical and phisico-chemical determinations of the groundwater samples 
collected on Mt. Etna gave a series of data structured in a multidimentional matrix (32 
variables × 12 sites × 3 sampling surveys). In order to obtain the largest amount of 
information from the acquired data, it was necessary to perform a multivariate 
statistical analysis. In particular, we identified the Cluster Analysis (CA) as the most 
appropriate one to carry out in this study. Actually, the low number of sampling sites 
(cases) compared to the number of parameters determined (variables), did not allow us 
to perform a Principal Component Analysis, which was used in a previous work on the 
geochemical characterization of Etna’s groundwaters (Giammanco et al., 1998).  
Differently from other statistical procedures, some of the algorithms used in the 
CA are applied when it is not possible to formulate a priori hypotheses on the 
taxonomy of the data. Those algorithms recognise the most significant classification 
starting from the information included in the matrix of the examined values. The 
grouping of the data into clusters is based on their degree of similarity. Every object is 
correlated with the others so as to identify the couple of objects with the highest 
similarity (i.e., with the shorter distance in the multidimentional space) to be merged 
into a cluster. Among the criteria developed to merge single clusters into progressively 
larger ones, that of Ward is thought to be the most efficient, because it minimizes the 
increment in heterogeneity that occurs when two clusters unite. The initial or final 
heterogeneity of each group is calculated a posteriori by summing the squares of the 
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distances between the centroid and the objects. A drawback of this method is its 
tendency to form clusters of small dimensions.  
In this work the CA was used to find eventual relations not only among the 
parameters determined, but also among the sampling sites, as already performed in non-
volcanic areas (Güler and Thyne, 2004). Grouping the sites was necessary in order to 
elaborate separately data-sets with stronger affinity among them. Actually, the data in 
Table 1 clearly indicate large differences in the geochemical characteristics of the 
groundwaters sampled from one site to the other within the same survey, thus 
suggesting different types and/or intensity of geochemical processes affecting them. 
Fig. 2 shows the dendrograms resulting from the application of the CA to the 
matrixes of data obtained in each of the three surveys, after assigning a zero value to a 
parameter in each case that it was below detection limit. They show the clusters of 
sampling sites in each survey, in decreasing order of similarity. Sites belonging to the 
same cluster imply a high degree of similarity among the chemical and physico-
chemical characteristics of the relevant waters. The initial distances d among the 
objects (sampling sites) were calculated starting from the linear correlation coefficient r 
using the following equation: 
 
d = 1-r           (1) 
 
In the computation we did not include Cd, Co and Pb, because they were found only 
very few times in a very limited number of sites, and their valid values were too few to 
be computed for a significant analysis.  
The three dendrograms show a good similarity in their results: all of them show a 
high correlation among sites B5, B10, C12 and C14, which form a small cluster (named 
A) that is poorly correlated with the rest of the other sites (grouped into cluster B). We 
Figure 2 
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therefore calculated the average values of the parameters belonging to each of the two 
clusters found with the CA for each survey, and the resulting values are plotted with 
time in the diagrams of Fig. 3. The figure shows that practically all of the considered 
parameters had changes in their average values throughout the three surveys, but not all 
in the same way. Several patterns of change can be actually recognised (basically: 
increasing, decreasing, concave and convex), which suggest a possible grouping of 
parameters according to their behaviour. 
As a first approach to investigate the similarities among parameters, a correlation 
matrix was calculated for the parameters of each cluster. In the two correlation 
matrixes, the average values of each parameter in time were correlated with those of all 
the other parameters according to their pattern of changes from 1994 through 1997, and 
the resulting values of the correlation coefficients are shown in tables 3 and 4. In order 
to visualize the correlations between parameters obtained from the correlation matrixes, 
CA was again used. Fig. 4 shows the dendrograms resulting from the application of the 
CA to the matrixes of data obtained from both of the clusters of sampling sites 
considering the average values of each parameter in time. The dendrogram for cluster A 
(Fig. 4a) highlights four families of parameters with high similarity. Family I includes 
Temperature, Al, SO42-, V, K, Eh, Mg and pH; these parameters show either a concave 
pattern, that is they decrease from 1994 to 1995 and then slightly increase or remain 
low in 1997, or a decreasing pattern (only for element K). Family II includes 
Conductivity, Si, HCO3-, Ti, Sr, Na, B and Mn; these parameters show a slight convex 
pattern, with marked decrease in 1997. Family III includes Ca, As, Mo, Hg, Li, Fe, Cl-, 
Ni, Se and pCO2; these parameters show a clear convex pattern, apart from pCO2 which 
shows a slight increasing pattern. Lastly, family IV includes Cr, Zn and Cu, which 
show an increasing pattern. Actually the pattern of pCO2 shows a greater similarity with 
the pattern of parameters in family IV, and the relevant values of the correlation 
Figure 3 
Figure 4 
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coefficient between this parameter and those of family IV would support this indication 
(Table 3), thus leading either to the reallocation of this parameter into family IV or to 
its affinity to both family III and family IV. Besides, some of the parameters in family 
II, namely Conductivity, Si, HCO3-, Ti and Sr, show patterns that are similar to those of 
the parameters in family III. Also in this case the correlation matrix for cluster A 
parameters indicates high values of the correlation coefficients among the above 
indicated parameters of family II and many parameters of family III, particularly Li and 
Fe. So, in the case of cluster A the basic temporal patterns recognised can be reduced to 
three: concave, convex and increasing. 
The dendrogram for cluster B (Fig. 4b) also highlights four families of parameters 
with high similarities among them. Family I includes Temperature, Eh, pH, Ti and Mg; 
these parameters show a concave pattern. Family II includes HCO3-, As, Cr, Zn and Fe, 
which show an increasing pattern. Family III includes Conductivity, pCO2, Ca, Cl-, Hg, 
SO42-, B, Cu, Se, Na, Mo, Si, V, Mn, Ni and Sr, which show a convex pattern. Family 
IV includes only K, Li and Al, which show a concave (Al) or decreasing (K and Li) 
patterns. As for cluster A, also in the case of cluster B some similarities can be found 
among parameters belonging to different families. In particular, Al shows a similar 
pattern as that of the parameters of family I, the highest correlation being with Ti 
(Table 4).  
 
4.3. Geochemical evaluation of the temporal variations of data 
 
Cluster A is characterised by waters with higher contents of dissolved salts than 
those of cluster B. This is highlighted mainly by the values of conductivity, but more 
generally by the contents of the major ions in solution. The concentrations of minor and 
trace elements are also generally higher in this cluster, and the higher values of pCO2 
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combined with the lower values of pH indicate that the sites belonging to this cluster 
represent aquifers that are most subject to gas-water-rock interaction. The sites entailed 
by cluster A (B5, B10, C12 and C14, Fig. 5) are actually located in the areas of Mt. 
Etna where degassing of magmatic volatiles into the aquifers is the highest (Anzà et al., 
1989; Aiuppa et al., 2000, 2004; Allard et al., 1997; Brusca et al., 2001; Giammanco et 
al., 1995, 1998). These areas are located quite far from the main craters of the volcano, 
but this is not surprising because leakage of magmatic gases from the flanks of Mt. 
Etna is strongly connected with the presence of deep tectonic faults (Timpe Fault 
System), largely belonging to the regional structural framework of eastern Sicily, that 
cut the crust down to the main magma reservoirs of Mt. Etna and act as high-
permeability pathways for the escape of magmatic gases to the surface (e.g., Aiuppa et 
al., 2004).  
As regards the temporal changes observed in the parameters of cluster A from 
1994 to 1997, it can be noted that the elements that showed a convex pattern, that is an 
increase in 1995 (groups II and III), are actually those whose mobility in solution is 
normally high and/or are particularly abundant in the basaltic rocks that constitute 
Etna’s aquifers, because they are found as primary or secondary components in 
mineralogical phases like olivines, pyroxenes and Ca-plagioclases (e.g., Chester et al., 
1985). Therefore, alkalis and alkaline earth elements such as Na, Ca, Sr, as well as Si, 
Ni and Mo, show an expected increase of their concentration in solution when water-
rock interaction is enhanced due to a higher input of CO2 and other acid volcanic gases 
into the aquifer. This is suggested mostly by the higher values of conductivity, 
parameter normally related to the total content of solids in solution, measured in 1995. 
Other elements in these groups, particularly in group III, are volatiles (Cl-, Hg, As, Se) 
associated to pCO2, which suggests their input to groundwaters together with magmatic 
gases (mainly CO2, but also HCl and other reduced gas species). Conversely, the 
Figure 5 
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parameters in group I mainly indicate significant changes in the redox and acid 
conditions of groundwaters belonging to cluster A. Particularly in 1995, waters became 
more acid and more reduced because of the higher input of CO2 and possibly other 
magmatic gases in the sampled groundwaters. This in turn caused a marked decrease in 
V contents, because this element tends to form insoluble compounds (such as V2O4 and 
V2O3) with low pH and Eh values (Giammanco et al., 1998). Similarly, the low 
sulphate contents in 1995 may result from more reducing conditions of groundwater 
during that survey, which prevented the oxidation of volcanic H2S. The low Al contents 
observed in 1995, but also in 1997, can be explained by its uptake in secondary clay 
minerals precipitated from solution. Table 5 shows the percentage of saturation or 
oversaturation in a number of phases theoretically in equilibrium with the sampled 
groundwaters. The data of Table 5 indicate that the percentage of samples saturated 
with clay minerals generally increased after 1994 both in cluster A and in cluster B. 
Formation of secondary clay minerals, but also of carbonates, may also justify the low 
contents of Mg measured in the 1995 survey. Notwithstanding its high mobility in 
Etnean waters (Aiuppa et al., 2000), Mg may be efficiently removed by secondary clay 
minerals like, for example, Mg-Nontronite or Mg-Smectite, as indicated by the data of 
Table 5.  
Oxide and hydroxide anion forming elements such as Se, Mo, As, along with Hg, 
should normally decrease with low pH and Eh values, opposite to what observed. Their 
apparently strange behaviour is reasonably to be ascribed to their direct input to 
solution from volcanic fluids (Giammanco et al., 1998), particularly in the case of 
volatile elements like Hg and Se. In the case of Hg, its relative high concentration 
found in Etna’s groundwaters during the 1995 survey may be explained by a direct 
input of large amounts of mobile Hg0(aq), transported as vapour and/or sulfide (HgS) 
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(Symonds et al. 1992, Nicholson 1993, Barnes and Seward 1997), after exsolution from 
magma.  
Elements in group IV (Cr, Zn, Cu and, possibly, pCO2) show a constant increase 
from 1994 to 1997. This behavior can be ascribed either to elemental affinity with the 
magmatic gas phase (as in the case of Cr, according to Giammanco et al., 1998), or to 
increased selective mobilization of the elements under hydrothermal conditions (as in 
the case of Cu, according to Rose et al., 1991; Nicholson, 1993; Giammanco et al., 
1998) that may have progressively developed in the aquifers feeding the sampled 
waters during the period of our observations, or to elemental mobilization under 
acid/reduced conditions, as in the case of Zn (Giammanco et al., 1998), or to a 
combination of the above. Chromium and zinc should normally behave like iron, and 
this would explain why their contents in the 1995 survey were higher than those in the 
1994 survey. However, their much higher values measured in 1997, particularly if 
compared to those of Fe, can be explained in different ways: Cr, like V, is actually 
more mobile in oxidised conditions (in the form of chromates, HCrO4- or CrO42-), hence 
its greatest concentration in water was found when Eh values were markedly higher, as 
in the case of the 1997 survey. The further increase in Zn contents in 1997, although the 
pH and Eh values for the sampled waters indicate a return to oxydized and less acid 
conditions, may instead suggest that the enhanced leaching of Etna’s volcanic rocks 
continued even after 1995, although with a slower rate, and brought to solution less 
mobile species such as this element (Aiuppa et al., 2000). The decrease of HCO3- in 
1997, which apparently seems to indicate a less intense water-rock interaction, may be 
in part explained by the above mentioned increased saturation of groundwater in 
carbonates (Table 5).  
In the low salinity waters belonging to cluster B some parameters show temporal 
changes that differ from those observed in cluster A waters. For example, Ti shows a 
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concave pattern instead of convex; in this case the behaviour of Ti is similar to that of 
Al and therefore it could be related to co-precipitation of Ti in titanium-containing clay 
minerals. Precipitation of secondary clay minerals, as discussed above in the case of 
group I of cluster A, could be the consequence of their saturation in water after 
increased leaching of the host rocks that was observed particularly in 1995. HCO3-, As 
and Fe show an increasing pattern, instead of convex, in association with Cr and Zn; in 
this case it is reasonable that their behaviour reflects an ever increasing degree of 
water-rock interaction, which continued in 1997 even though the values of pCO2 
slightly decreased. SO42-, Cu and V show a convex pattern instead of concave or 
increasing, as for Cu. In this case it seems that these parameters are not related with the 
redox conditions of water, but rather they seem more closely related with water-rock 
interaction driven by dissolved CO2. In particular, the contemporaneous increase of 
both SO42- and pCO2 in 1995 may indicate a greater input of both H2S and CO2 in the 
groundwaters represented by the samples of cluster B. Lastly, Li and K show a 
decreasing pattern instead of convex and concave, respectively. The concentrations of 
both of these elements in groundwater should be strongly affected by water-rock 
interaction, but their decrease, particularly in 1997, may be explained with their 
removal by secondary formation of amorphous silica and fine-grained, poorly 
crystalline K-rich clays (Goguel, 1983). This hypothesis is also strenghtened by the 
thermodynamic data of Table 5, which indicate, as above mentioned, a general increase 
in the percentage of samples that showed saturation or oversaturation in clay minerals, 
and hence also K-rich clays, from 1994 to 1997.  
 
4.4. Correlation with Mt. Etna’s volcanic activity  
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From the above discussion we can deduce that during the period 1994-1997 the 
changes in the chemical and physico-chemical characteristics of Mt. Etna’s 
groundwaters are related, either directly or indirectly, to increased input of magmatic 
fluids to the local aquifers due to a higher level of volcanic activity. Influence from 
recharge (due to infiltration of rain and snow) on the temporal variability of the studied 
waters seems to play a negligible role. This arises mostly from considering that the only 
sampling that was carried out during a period of high discharge, i.e., in November 
1995, when dilution of groundwaters should be close to its maximum (Bonfanti et al., 
1996), showed instead an increase in many parameters and particularly in those most 
closely linked to magmatic gas input.  
Support to the hypothesis of chemical changes induced by increased input of 
magmatic gas comes from many observations, mainly from the temporal evolution of 
SO2 flux from the summit vents and of the partial pressure of dissolved CO2 in 
groundwater during the studied period. Mt. Etna is actually one of the largest 
contributors of magmatic CO2 and SO2 to the atmosphere, even during non-eruptive 
periods (e.g., Allard et al., 1991; Allard, 1997). Crater emissions from the four summit 
vents of the volcano provide almost the totality of the emitted SO2 and the large 
majority of CO2 (Allard et al., 1991; D’Alessandro et al., 1997). During the studied 
period both parameters showed a strong increase from 1994 to 1995 and then remained 
sensibly high in 1997, although with values slightly lower than in 1995. In fact, average 
pCO2 values measured in the three hydrogeochemical surveys object of this study 
(based on the data of Tables 1 and 2) were 0.124 atm in 1994, 0.279 atm in 1995 and 
0.277 atm in 1997. Accordingly, average crater SO2 flux values were about 3440 t/day 
in August 1994, about 6180 t/day in November 1995 and about 5580 in August 1997 
(data from Bruno et al., 1999, 2001). Such behaviour is explained by the evolution of 
concurrent volcanic activity at Mt. Etna: after the huge 1991-1993 eruption a period of 
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almost complete calm occurred at Etna from March 1993 to late July 1995, when 
mildly explosive magma ejection was again observed at the summit craters of the 
volcano (Armienti et al., 1996). The explosive activity continued with increasing 
intensity throughout the second half of 1995 and the beginning of 1996. During this 
period several episodes of violent lava fountaining took place in one of the four summit 
vents of Etna (namely, the North-East Crater). From February to August 1996 volcanic 
activity became more continuous, but less vigorous, and was also characterised by 
modest lava outflows from the North-East Crater (Armienti et al., 1996). Since the 
second half of 1996 and throughout 1997 Etna’s eruptive activity showed a lower 
intensity: mild magma explosions occurred inside its summit vents, and emission of 
small intra-crateric lava flows was frequent (La Volpe et al., 1999). Therefore, the 
overall level of volcanic activity at Etna was very low in 1994, high in 1995, 
particularly in late 1995 when our sampling was carried out, and then moderately high 
throughout 1997, an indication that since mid-1995 magma was almost continuously 
present within the shallowest portions of Etna’s feeder system. 
The increased gas-water interaction following the increased volcanic activity 
since 1995 is also responsible for the enhanced hydrothermal conditions in some of 
Etna’s aquifers, as indicated by the triangular plot of Fig. 6. The plot shows that all 
samples except those from sampling site B1 seem to derive from mixing between 
carbonate peripheral groundwaters and volcanic waters (trend A in Fig. 6). Samples 
from site B1 fall close to the composition of mature geothermal waters, with sample 
from 1995 survey being the closest to them. This would provide an alternative 
explanation for the peculiar composition of site B1 samples to that given by 
Giammanco et al. (1998). Waters from site B1 would, therefore, derive from mixing 
between geothermal water and cold bicarbonate water (trend B in Fig. 6). Other 
Figure 6 
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samples show a possible transient interaction with geothermal waters, mostly in 1995 
(e.g., the 1995 samples from sites C6 and B3). 
 
5. Conclusions 
 
In active volcanic areas, such as Mt. Etna, interaction among groundwater, the 
rocks hosting the aquifers and magmatic fluids is obviously strong, even during periods 
of relative volcanic quietness (Giammanco et al., 1998; Aiuppa et al., 2000). Gas-
water-rock interaction is particularly strong where deep faults cut the volcanic edifice 
down to the magma reservoirs and allow for an easier escape of magmatic volatiles to 
the surface. Examples of this can be found in the south-western and eastern flanks of 
Mt. Etna. In these areas, groundwaters display a significantly higher salinity as a result 
of higher contents of most of the elements leached from host rocks and higher values of 
dissolved CO2, so as to form a statistically distinct group of waters (cluster A obtained 
from CA). 
Gas-water-rock interaction is generally enhanced when magma moves closer to 
the surface and releases a greater amount of high-enthalpy fluids (mostly water) and 
other incondensable gases, among which CO2 is the most abundant. As a consequence, 
the aquatic environment of Mt. Etna is subject to sudden and marked changes in its 
chemical and physical conditions, particularly in the areas of highest flank emission of 
magmatic gases: leaching of soluble elements from volcanic rocks is enhanced, and 
volatile elements carried with volcanic gas increase their concentration in water. As the 
gas-water-rock interaction proceeds, secondary clay minerals and other insoluble 
minerals like carbonates and oxides form and precipitate, apparently at fast rates, thus 
causing a decrease in the concentration of the elements complexed by those mineral 
species. Lastly, increased interaction between hot magmatic fluids and groundwater 
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could induce or intensify hydrothermalism at least in some parts of Etna’s aquifers. 
Elements like Cr, Zn and Cu could be possible tracers of such conditions. Recent 
studies (Chiodini et al., 1996) showed that some hiper-saline waters discharged by mud 
volcanoes located in the lower south-western flank of Etna, near the town of Paternò, 
are fed by a hydrothermal system whose temperature was estimated at 100-150 °C. It 
must be noted that sites B5 and B10, both belonging to the high-salinity waters of 
cluster A, are located very close to this area. Other “stable” geothermal systems may 
exist in the Mt. Etna area, but they should be deeper than the aquifers of Etna and 
would not normally interact with them (Brusca et al., 2001). However, temporary 
exchanges of fluids between “cold” and “hot” waters during periods of increased 
volcanic activity (e.g., because of increased flux of magmatic gases that carry deeper 
hot fluids to shallower levels of the crust) could also be invoked as an alternative 
explanation to the suggested hydrothermal conditions in Mt. Etna’s shallow aquifers. 
In conclusion, the results of this work show that the use of statistical tools such as 
Cluster Analysis in the elaboration of chemical data of groundwaters at Mt. Etna can 
provide useful information both for modelling the gas-water-rock interaction in aquifers 
particularly subject to fast changes of the physical and chemical characteristics of their 
aqueous environment and for the strategies of geochemical surveillance of volcanic 
activity. 
 
Acknowledgements.  
 
We thank Lucia Minelli for her help during the field work, the “Società Acque 
dell’Etna e San Giacomo” and the “SO.GE.A. – Acque Manganelli e Valcorrente” 
aqueduct companies, as well as the owners of private wells for letting us collect the 
water samples. We also thank Aurora Armienta and Boku Takano for their useful 
 21 
comments and suggestions on an earlier version of the manuscript and Rayco Marrero 
and an anonymous reviewer for their constructive reviews. 
 
References 
 
Acocella, V, and Neri, M. (2003), What makes flank eruptions? The 2001 Etna eruption 
and its possible triggering mechanisms. Bull. Volcanol. 65, 517–529, doi.: 
10.1007/s00445-003-0280-3. 
Aiuppa, A., Allard, P., D’Alessandro, W., Michel, A., Parello, F., Treuil, M., and 
Valenza, M. (2000), Mobility and fluxes of major, minor and trace metals during 
basalt weathering and groundwater transport at Mt. Etna volcano (Sicily), 
Geochim. Cosmochim. Acta 64, 1827-1841. 
Aiuppa, A., Allard, P., D’Alessandro, W., Giammanco, S., Parello, F., and Valenza, M., 
Magmatic gas leakage at Mount Etna (Sicily, Italy): relationships with the 
volcano-tectonic structures, the hydrological pattern and the eruptive activity, In 
Mt. Etna: Volcano Laboratory (eds. Bonaccorso, A., Calvari, S., Coltelli, M., Del 
Negro, C., and Falsaperla, S.) (American Geophysical Union, Washington, D.C. 
2004) pp. 129-145, doi.: 10.1029/143GM09. 
Allard, P., Carbonelle, J., Dajlevic D., Le bronec, J., Morel, P., Robe, M.C., Maurenas, 
J.M., Faivre-Pierret, R., Martin, D., Sabroux, J.C., and Zettwoog, P. (1991), 
Eruptive and diffuse emissions of CO2 from Mount Etna, Nature 351, 387-391. 
Allard, A., Jean-Baptiste, P., D’Alessandro, W., Parello, F., Parisi, B., and Flehoc, C. 
(1997), Mantle-derived helium and carbon in groundwaters and gases of Mount 
Etna, Italy, Earth Planet. Sci. Letters 148, 501-516.  
Allard, P. (1997), Endogenous magma degassing and storage at Mount Etna, Geophys. 
Res. Lett. 24, 2219-2222. 
 22 
Anzà, S., Dongarrà, G., Giammanco, S., Gottini, V., Hauser, S., and Valenza, M. 
(1989), Geochimica dei fluidi dell'Etna: Le acque sotterranee, Miner. Petrogr. 
Acta 32, 231-251. 
Anzà, S., Badalamenti, B., Giammanco, S., Gurrieri, S., Nuccio, P.M., and Valenza, M. 
(1993), Preliminary study on emanation of CO2 from soils in some areas of Mount 
Etna (Sicily), Acta Vulcanol. 3, 189-193. 
APHA, AWWA, and WEF, Standard methods for the examination of water and 
wastewater, 18th Edition, (American Public Health Association, Washington, DC 
1992). 
Armienti, P., D'Orazio, M., Innocenti, F., Tonarini, S., and Villari, L. (1996), October 
1995-February 1996 Mt. Etna explosive activity: Trace element and isotopic 
constraints on the feeding system, Acta Vulcanol. 8 (1), pp. 1-6. 
Aureli, A. (1973), Idrogeologia del fianco occidentale etneo. Proc. 2nd Int.l Congress on 
Underground Waters, Palermo, Italy, pp. 425-487. 
Barnes, H.L., Seward, T.M., Geothermal systems and mercury deposits, In 
Geochemistry of hydrothermal ore deposits (ed. Barnes, H.L.) (Wiley and Sons, 
New York 1997), pp. 699-736. 
Bauer, H.H., Christian, J.E., and O'Reilly, J.E., Instrument analysis (Allin and Bacon, 
Inc. 1985). 
Bonfanti, P., D’Alessandro, W., Dongarra`, G., Parello, F., and Valenza, M. (1996), Mt. 
Etna eruption 1991–93: Geochemical anomalies in groundwaters, Acta Vulcanol. 
8(1), 107–109. 
Bruno, N., Caltabiano, T., and Romano, R. (1999), SO2 emissions at Mt. Etna with 
particular reference to the period 1993-1995, Bull Volcanol. 60, 405-411. 
 23 
Bruno, N., Caltabiano, T., Giammanco, S., and Romano, R. (2001), Degassing of SO2 
and CO2 at Mount Etna (Sicily) as indicator of pre-eruptive ascent and shallow 
emplacement of magma, J. Volcanol. Geotherm. Res. 110, 137-153. 
Brusca, L., Aiuppa, A., D’Alessandro, W., Parello, F., Allard, P., and Michel, A. 
(2001), Geochemical mapping of magmatic gas-water-rock interactions in the 
aquifer of Mount Etna volcano, J. Volcanol. Geotherm. Res. 108, 199-218. 
Chester, D.K., Duncan, A.M., Guest, J.E., and Kilburn, C.R.J., Mount Etna: the 
anatomy of a volcano (Chapman and Hall, London 1985). 
Chiodini, G., D'Alessandro, W., and Parello, F. (1996), Geochemistry of the gases and 
of the waters discharged by the mud volcanoes of Paternò, Mt. Etna (Italy), Bull. 
Volcanol. 58, 51-58. 
Güler, C., and Thyne, G.D. (2004), Hydrologic and geologic factors controlling surface 
and groundwater chemistry in Indian Wells-Owens Valley area, southeastern 
California, USA, J. Hydrol. 285, 1-4, 177-198. 
D'Alessandro, W., Giammanco, S, Parello, F., and Valenza, M. (1997), CO2 output and 
δ13C(CO2) from Mount Etna as indicators of degassing of shallow asthenosphere, 
Bull. Volcanol. 58, 455-458. 
Dongarrà, G., Gottini, V., Valenza, M., and Bonfanti, P. (1993), Progress in 
hydrogeochemistry surveying, Acta Vulcanol. 3, 318-321. 
Ferrara, V. (1975), Idrogeologia del versante orientale dell'Etna. Proc. 3rd Int.l Congress 
on Underground Waters, Palermo, Italy, pp. 91-144. 
Ferrara, V. (1990), Carta della vulnerabilità all'inquinamento dell'acquifero vulcanico 
dell'Etna (C.N.R. Valutazione della Vulnerabilità degli Acquiferi), S.E.L.C.A., 
Firenze. 
 24 
Giammanco, S., Gurrieri, S., Valenza, M. (1995), Soil CO2 degassing on Mt. Etna 
(Sicily) during the period 1989-1993: discrimination between climatic and 
volcanic influences, Bull. Volcanol. 57, 52-60. 
Giammanco, S., Valenza, M., Pignato, S., and Giammanco, G. (1996), Mg, Fe, Mn and 
V concentrations in the ground waters of Mount Etna (Sicily), Water Res. 2, 378-
386. 
Giammanco, S., Ottaviani, M., Valenza, M., Veschetti, E., Principio, E., Giammanco, 
G., and Pignato, S. (1998), Major and trace elements geochemistry in the ground 
waters of a volcanic area: Mount Etna (Sicily), Water Res. 32, 19-30. 
Giggenbach, W.F., Chemical techniques in geothermal exploration, In Applications of 
Geochemistry in Geothermal Reservoir Development (ed. D’Amore, F.) 
(UNITAR/UNDP Centre on small energy resources, Rome 1991) pp. 119-144.  
Goguel, R.L. (1983), The rare alkalis in hydrothermal alteration at Wairakei and 
Broadlands geothermal fields, Geochim. Cosmochim. Acta 47, 429-437. 
Lapukhov, A.S., Simonov, V.A., Melnikova, R.D., and Pavlova, L.K. (2001), The 
influence of volatile components on the distribution of noble metals in rocks from 
the Mid-Atlantic Ridge. Proc. 10th Int.l Symposium on Water-Rock Interaction, 
Villasimius, Italy, pp. 973-975. 
La Volpe, L., Manetti, P., Trigila, R., and Villari, L. (1999), Volcanology and 
chemistry of the earth’s interior. Italian research activity (1995-1998) report to 
IAVCEI, Boll. Geof. Teorica Appl. 40, 163-298. 
Lentini, F. (1982), The geology of the Mt. Etna basement, Mem. Soc. Geol. It. 23, 7-25. 
Nicholson, K., Geothermal fluids (Springer-Verlag, Berlin 1993). 
Ogniben, L. (1966), Lineamenti idrogeologici dell'Etna, Riv. Min. Sic. 100-102, 1-24. 
 25 
Parkhurst, D.L. (1995), PHREEQC-a computer program for speciation, reaction path, 
advective transport, and inverse geochemical calculations, USGS Water-
Resources Investigations Report, 95-4227. 
Romano, R. (1982), Succession of the volcanic activity in the Etnean area, Mem. Soc. 
Geol. It. 23, 27-48. 
Rose, A.W., Hawkes, H.E., and Webb, J.S., Geochemistry in mineral exploration 
(Academic Press, London 1991). 
Schilirò, F. (1988), Proposta metodologica per una zonazione geologico-tecnica del 
centro abitato di Maletto, Geologia Tecnica 3/88, 32-53. 
Symonds, R.B., Reed, M.H., and Rose, W.I. (1992), Origin, speciation, and fluxes of 
trace-element gases at Augustine volcano, Alaska: Insights into magma degassing 
and fumarolic processes, Geochim. Cosmochim. Acta 56, 633-657. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 26 
 
Table 1. Analytical results for physico-chemical parameters and major species in the three surveys of Etna's ground water
Sample Date T Cond. Eh pH Na Mg K Ca HCO3- SO4= Cl
-
(°C) (µS/cm) (mV) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
A2 1994 12.5 377  244 7.01 24 16 7 36 194 26 19
A2 1995 10.4 672  117 6.44 58 69 9 32 308 103 39
A2 1997 13.2 480  162 7.02 37 26 6 55 281 55 26
B1 1994 9.1 1220 -265 6.84 288 46 22 17 308 20 347
B1 1995 9.0 1920 -336 6.74 365 19 14 54 342 13 513
B1 1997 9.7 1468  87 8.03 165 52 11 17 354 31 338
B2 1994 13.0 1123  253 6.91 148 58 46 24 417 164 97
B2 1995 10.2 1206  106 6.75 167 29 21 85 442 269 103
B2 1997 13.2 1127  162 7.63 119 78 19 15 439 222 94
B3 1994 14.4 1129  292 7.03 142 66 30 31 539 161 93
B3 1995 12.2 1161  135 6.64 145 36 23 84 549 148 197
B3 1997 18.4 1198  440 7.77 119 89 22 37 610 145 101
B5 1994 17.3 1816  270 6.89 252 119 40 33 887 221 126
B5 1995 16.7 1825  93 6.73 227 38 24 119 891 153 130
B5 1997 17.4 137  358 8.14 152 122 23 33 915 156 148
B10 1994 19.2 1874  67 6.75 192 131 26 110 1439 148 85
B10 1995 19.2 1921 - 21 6.55 198 143 23 156 1440 24 127
B10 1997 19.8 1778  112 6.09 133 113 17 128 1379 34 63
C1 1994 19.3 1269  402 6.76 105 79 25 48 652 121 112
C1 1995 19.1 1302  163 6.85 120 58 30 101 668 92 98
C1 1997 18.1 1155  221 6.36 77 46 12 42 634 85 106
C5 1994 14.5 375  310 7.03 46 16 12 11 176 43 24
C5 1995 14.3 338  129 6.89 43 9 8 15 151 26 19
C5 1997 14.7 363  354 7.57 57 21 8 12 195 35 28
C6 1994 17.7 842  184 7.04 63 26 30 51 111 127 89
C6 1995 17.3 850  118 6.35 67 60 30 28 122 101 93
C6 1997 17.6 855  229 7.24 78 35 30 62 134 152 104
C12 1994 20.2 1710  216 6.91 214 74 50 29 870 260 110
C12 1995 19.8 1779  127 6.24 247 86 51 101 886 219 118
C12 1997 19.7 1586  150 6.36 103 86 28 35 805 233 127
C14 1994 21.8 1795  253 6.71 276 78 68 21 920 251 83
C14 1995 20.3 1923  128 6.18 229 68 49 86 940 263 140
C14 1997 19.2 1715  191 6.28 154 98 48 73 830 275 152
C16 1994 13.8 204  174 6.89 23 6 4 6 67 14 19
C16 1995 11.8 226  51 6.53 26 16 3 5 81 19 17
C16 1997 13.1 314  380 7.31 42 13 3 25 159 39 22
LOD - - - - 1 1 1 1 1 1 1
 
aLOD = limit of detection. Letters in samples names refer to the hydrogeological basins (see Figure 1).
 27 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2. Analytical results for minor and trace elements in the three surveys of Etna's ground watera
Sampleb Date Li B Al Si Ti V Cr Mn Fe Co Ni Cu Zn As Se Sr Mo Cd Hg Pb
(mg/L) (mg/L) (mg/L) (mg/L)
A2 1994 <LOD 0.1 13 13 <LOD 39 0.2 3 4 <LOD <LOD 0.3 2 0.8 <LOD 0.13 4.1 <LOD <LOD <LOD
A2 1995 0.07 0.5 <LOD 20 1 23 0.1 2 <LOD <LOD 1.5 0.9 <LOD 0.5 1 0.23 4.7 <LOD 1 <LOD
A2 1997 0.05 0.2 8 1 <LOD 25 1.9 2 1 <LOD 0.8 1.5 73 1.1 0.5 0.09 4.2 <LOD <LOD <LOD
B1 1994 0.20 0.9 1 19 4 37 <LOD 4 4 0.6 <LOD <LOD 4 1.6 0.5 0.74 8.1 <LOD <LOD <LOD
B1 1995 0.28 1.8 1 23 2 11 <LOD 80 1 <LOD 1.1 0.7 2 0.7 3.0 0.81 6.2 <LOD 39 <LOD
B1 1997 0.20 0.9 9 13 <LOD 32 0.3 <LOD 122 <LOD 0.4 <LOD <LOD 1.3 2.8 0.14 3.6 <LOD 0.13 <LOD
B2 1994 0.20 0.9 2 18 <LOD 220 <LOD 1 1 <LOD <LOD 0.9 2 7.8 0.8 0.24 32.0 <LOD <LOD <LOD
B2 1995 0.21 0.8 1 21 2 284 0.1 1 6 <LOD 1.2 1.5 17 8.8 2.0 0.23 51.5 <LOD 10 <LOD
B2 1997 0.20 0.8 12 1 <LOD 160 0.7 <LOD 2 <LOD <LOD 0.8 36 8.0 1.6 0.10 23.9 <LOD 0.06 <LOD
B3 1994 0.20 0.7 <LOD 19 <LOD 200 0.1 1 1 <LOD 1.1 0.4 1 4.2 <LOD 0.27 37.6 <LOD <LOD <LOD
B3 1995 0.16 0.7 <LOD 26 3 246 0.2 1 4 <LOD 0.6 1.9 <LOD 8.8 1 0.26 66.6 <LOD 13 <LOD
B3 1997 0.20 1.2 3 25 6 134 1.3 2 2 <LOD 0.5 3.3 47 6.3 <LOD 0.14 34.7 <LOD 0.05 <LOD
B5 1994 0.50 1.2 <LOD 19 <LOD 72 0.9 1 1 <LOD 0.7 0.9 <LOD 1.3 <LOD 0.34 20.0 <LOD <LOD <LOD
B5 1995 0.48 1.0 1 32 4 60 1.3 1 7 <LOD 1.9 1.3 <LOD 2.1 <LOD 0.34 42.8 <LOD 18 <LOD
B5 1997 0.50 0.7 2 1 2 43 1.1 2 2 <LOD 0.5 <LOD 51 1.7 1.3 0.21 19.2 0.06 0.09 <LOD
B10 1994 0.90 1.9 31 55 6 16 0.1 410* 8900* 1.9 6.7 1.3 25 1.3 1.2 0.57 11.7 0.09 <LOD 1.3
B10 1995 1.22 1.2 14 63 10 2 0.6 310* 8700* 3.2 14.9 2.6 27 0.5 0.5 0.55 12.4 0.16 228 1.4
B10 1997 1.10 1.1 2 6 1 1 7.9 5 3000* 3.7 10.1 15.9 <LOD 1.1 0.6 0.53 8.8 0.19 0.05 0.5
C1 1994 0.10 0.9 1 35 <LOD 62 <LOD 1080* 4 0.4 <LOD 1.4 <LOD 1.5 1.6 0.28 78.3 <LOD 1 <LOD
C1 1995 0.11 0.6 <LOD 35 4 56 0.1 1330* 3 <LOD 2.3 6.3 <LOD 1.3 4.0 0.30 121.1 <LOD 16 <LOD
C1 1997 0.10 0.6 1 15 1 63 0.9 1 <LOD <LOD 0.7 2.2 121 1.7 2.5 0.07 54.6 <LOD 0.05 <LOD
C5 1994 0.10 0.2 9 23 <LOD 51 <LOD 5 2 0.5 <LOD <LOD 5 5.9 <LOD 0.12 10.2 <LOD <LOD <LOD
C5 1995 0.02 0.2 7 35 1 47 0.1 2 20 <LOD 3.6 7.2 67 3.7 <LOD 0.06 6.6 <LOD 17 6.2
C5 1997 0.05 0.3 6 3 <LOD 33 0.8 1 2 <LOD 0.7 2.5 66 6.7 <LOD 0.03 8.3 <LOD 0.10 <LOD
C6 1994 <LOD 0.4 267 21 <LOD 28 0.2 1 8 <LOD 3.1 1.2 12 0.8 1.7 0.42 3.1 <LOD 2 <LOD
C6 1995 0.07 0.5 9 20 3 20 1.1 1 13 <LOD 1.3 4.9 2 1.2 <LOD 0.41 8.1 0.08 22 <LOD
C6 1997 0.05 <LOD 14 8 4 13 3.0 7 6 0.9 0.3 0.4 125 <LOD 1.3 0.38 3.8 <LOD 0.10 <LOD
C12 1994 0.50 0.8 1 32 3 84 <LOD 2 1 <LOD 1.0 0.4 <LOD 0.9 0.7 0.43 23.0 <LOD <LOD <LOD
C12 1995 0.54 0.8 1 27 3 94 0.3 1 <LOD <LOD 1.7 2.6 <LOD 1.9 5.0 0.45 128.7 <LOD 39 <LOD
C12 1997 0.10 0.6 8 1 1 73 3.0 3 11 <LOD 1.5 0.7 10 1.6 4.6 0.28 39.8 <LOD 0.14 <LOD
C14 1994 0.50 1.3 <LOD 25 <LOD 145 0.1 1 1 <LOD <LOD 0.1 <LOD 0.8 2.6 0.35 33.1 <LOD 4 <LOD
C14 1995 0.41 2.1 <LOD 24 4 16 0.1 1 <LOD <LOD 0.7 4.4 33 3.7 <LOD 0.47 160.8 <LOD <LOD <LOD
C14 1997 0.50 <LOD 9 9 1 81 1.3 9 17 <LOD 5.1 <LOD 206 <LOD <LOD 0.24 5.8 <LOD 0.14 <LOD
C16 1994 <LOD <LOD 45 15 <LOD 8 0.2 1 8 <LOD <LOD 0.4 49 0.7 1.5 0.20 2.8 <LOD 1 <LOD
C16 1995 0.03 <LOD 10 21 1 15 0.6 2 11 0.7 3.2 2.3 30 <LOD 1.0 0.19 2.2 <LOD 50 <LOD
C16 1997 0.05 <LOD 13 5 <LOD 9 1.5 2 8 <LOD 1.6 5.6 97 <LOD <LOD 0.19 2.3 0.11 0.10 <LOD
LOD 0.01 0.1 1 1 1 1 0.1 50* 100* 0.3 0.3 0.1 1 0.5 0.5 0.05 0.3 0.05 1 0.5
1 1 1 0.05**
aValues in µg/L, except where indicated.
 
bLOD = limit of detection. Letters in samples names refer to the hydrogeological basins (see Figure 1).
*Values obtained with flame atomic absorption spectrometry.
**Detection limit for the analytical results of 1997 survey
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Table 3. Correlation matrix for the parameters of cluster A sites. Average values of each parameter in time are correlated with those of all the other parameters.
Correlation factors with a significant correlation (r > 0,80) are highlighted in grey.
T Cond Eh pH Na Mg K Ca HCO3- SO42+ Cl
- pCO2 Li B Al Si Ti V Cr Mn Fe Ni Cu Zn As Se Sr Mo Hg
T - 0.38 0.52 0.72 0.53 0.35 0.88 -0.74 0.32 0.99 -0.98 -0.98 -0.10 0.51 1.00 0.37 0.31 0.99 -0.53 0.67 -0.14 -0.98 -0.68 -0.53 -0.82 -0.93 0.28 -0.49 -0.50
Cond - -0.59 -0.38 0.98 -0.73 0.76 0.34 1.00 0.25 -0.21 -0.55 0.89 0.99 0.41 1.00 1.00 0.25 -0.99 0.94 0.87 -0.18 -0.93 -0.98 0.22 0.00 0.99 0.62 0.62
Eh - 0.97 -0.44 0.98 0.06 -0.96 -0.64 0.63 -0.66 -0.35 -0.90 -0.47 0.49 -0.60 -0.65 0.63 0.45 -0.28 -0.92 -0.69 0.27 0.45 -0.91 -0.80 -0.67 -1.00 -1.00
pH - -0.20 0.90 0.31 -1.00 -0.43 0.80 -0.83 -0.57 -0.76 -0.23 0.69 -0.38 -0.44 0.80 0.21 -0.03 -0.79 -0.85 0.02 0.21 -0.99 -0.93 -0.47 -0.96 -0.96
Na - -0.60 0.87 0.17 0.97 0.42 -0.38 -0.69 0.79 1.00 0.57 0.98 0.97 0.42 -1.00 0.99 0.76 -0.35 -0.98 -1.00 0.04 -0.18 0.96 0.47 0.47
Mg - -0.12 -0.89 -0.78 0.47 -0.51 -0.17 -0.97 -0.63 0.31 -0.74 -0.78 0.47 0.61 -0.46 -0.98 -0.54 0.44 0.61 -0.82 -0.68 -0.80 -0.99 -0.99
K - -0.34 0.72 0.82 -0.79 -0.96 0.38 0.85 0.90 0.76 0.72 0.81 -0.86 0.94 0.34 -0.77 -0.94 -0.86 -0.46 -0.65 0.69 -0.03 -0.04
Ca - 0.40 -0.82 0.85 0.60 0.74 0.20 -0.71 0.35 0.41 -0.82 -0.18 0.00 0.77 0.86 0.02 -0.18 0.99 0.94 0.44 0.95 0.95
HCO3- - 0.19 -0.15 -0.49 0.91 0.98 0.36 1.00 1.00 0.19 -0.97 0.92 0.90 -0.11 -0.91 -0.97 0.28 0.06 1.00 0.67 0.66
SO42+ - -1.00 -0.95 -0.23 0.39 0.99 0.25 0.18 1.00 -0.41 0.57 -0.27 -1.00 -0.58 -0.42 -0.89 -0.97 0.15 -0.60 -0.61
Cl-
- 0.93 0.27 -0.35 -0.98 -0.21 -0.14 -1.00 0.37 -0.53 0.31 1.00 0.55 0.38 0.91 0.98 -0.11 0.63 0.64
pCO2 - -0.10 -0.67 -0.99 -0.55 -0.48 -0.95 0.68 -0.80 -0.05 0.92 0.81 0.68 0.70 0.84 -0.46 0.31 0.32
Li - 0.81 -0.06 0.89 0.92 -0.23 -0.79 0.67 1.00 0.30 -0.66 -0.79 0.64 0.46 0.93 0.92 0.91
B - 0.54 0.99 0.98 0.39 -1.00 0.98 0.78 -0.32 -0.98 -1.00 0.07 -0.15 0.97 0.50 0.49
Al - 0.41 0.35 0.98 -0.56 0.70 -0.10 -0.97 -0.71 -0.57 -0.80 -0.91 0.32 -0.45 -0.46
Si - 1.00 0.25 -0.98 0.94 0.87 -0.17 -0.93 -0.98 0.22 0.00 0.99 0.63 0.62
Ti - 0.18 -0.97 0.91 0.90 -0.10 -0.90 -0.97 0.29 0.07 1.00 0.68 0.67
V - -0.41 0.57 -0.27 -1.00 -0.58 -0.41 -0.89 -0.97 0.15 -0.60 -0.61
Cr - -0.98 -0.77 0.34 0.98 1.00 -0.05 0.17 -0.96 -0.48 -0.47
Mn - 0.64 -0.50 -1.00 -0.98 -0.13 -0.35 0.90 0.32 0.31
Fe - 0.34 -0.63 -0.77 0.68 0.50 0.91 0.93 0.93
Ni - 0.52 0.34 0.92 0.98 -0.07 0.66 0.67
Cu - 0.98 0.15 0.36 -0.89 -0.30 -0.29
Zn - -0.04 0.18 -0.96 -0.48 -0.47
As - 0.98 0.31 0.90 0.90
Se - 0.10 0.78 0.79
Sr - 0.70 0.69
Mo - 1.00
Hg -
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Table 4. Correlation matrix for the parameters of cluster B sites. Average values of each parameter in time are correlated with those of all the other parameters.
Correlation factors with a significant correlation (r > 0,80) are highlighted in grey.
T Cond Eh pH Na Mg K Ca HCO3- SO42+ Cl
- pCO2 Li B Al Si Ti V Cr Mn Fe Ni Cu Zn As Se Sr Mo Hg
T - -0.80 1.00 0.93 -0.97 0.86 -0.17 -0.88 0.17 -0.31 -0.95 -0.83 0.14 -0.65 0.31 -0.88 0.91 -0.85 0.61 -0.85 0.50 -0.58 -0.59 0.58 0.24 -0.56 -0.75 -1.00 -0.98
Cond - -0.79 -0.53 0.63 -0.39 -0.45 0.99 0.45 0.82 0.95 1.00 -0.70 0.97 -0.82 0.42 -0.98 0.38 -0.01 0.36 0.11 -0.02 0.96 0.03 0.39 0.94 0.21 0.78 0.91
Eh - 0.94 -0.97 0.87 -0.18 -0.88 0.19 -0.30 -0.94 -0.82 0.12 -0.64 0.30 -0.89 0.90 -0.86 0.62 -0.86 0.52 -0.59 -0.58 0.59 0.26 -0.55 -0.76 -1.00 -0.97
pH - -0.99 0.99 -0.51 -0.66 0.52 0.05 -0.77 -0.58 -0.23 -0.33 -0.05 -0.99 0.70 -0.98 0.85 -0.98 0.78 -0.83 -0.26 0.83 0.57 -0.22 -0.94 -0.95 -0.84
Na - -0.96 0.40 0.74 -0.41 0.07 0.84 0.67 0.11 0.45 -0.07 0.97 -0.78 0.95 -0.78 0.95 -0.70 0.76 0.38 -0.76 -0.47 0.34 0.89 0.98 0.90
Mg - -0.65 -0.52 0.65 0.21 -0.65 -0.43 -0.39 -0.17 -0.22 -1.00 0.57 -1.00 0.93 -1.00 0.87 -0.91 -0.10 0.91 0.70 -0.06 -0.98 -0.88 -0.73
K - -0.31 -1.00 -0.88 -0.16 -0.41 0.95 -0.64 0.89 0.62 0.26 0.66 -0.89 0.67 -0.94 0.90 -0.70 -0.90 -1.00 -0.72 0.78 0.21 -0.04
Ca - 0.31 0.72 0.99 0.99 -0.58 0.93 -0.72 0.56 -1.00 0.51 -0.16 0.50 -0.04 0.13 0.90 -0.13 0.24 0.88 0.35 0.86 0.96
HCO3- - 0.88 0.15 0.40 -0.95 0.64 -0.88 -0.62 -0.25 -0.66 0.89 -0.67 0.94 -0.90 0.69 0.90 1.00 0.72 -0.78 -0.22 0.04
SO42+ - 0.60 0.79 -0.98 0.93 -1.00 -0.17 -0.68 -0.22 0.57 -0.24 0.66 -0.59 0.95 0.59 0.85 0.96 -0.39 0.27 0.51
Cl-
- 0.97 -0.45 0.86 -0.60 0.68 -0.99 0.64 -0.32 0.63 -0.20 0.29 0.82 -0.28 0.08 0.80 0.50 0.93 0.99
pCO2 - -0.66 0.96 -0.79 0.47 -0.99 0.42 -0.06 0.41 0.06 0.03 0.94 -0.03 0.34 0.92 0.26 0.81 0.93
Li - -0.84 0.98 0.35 0.54 0.40 -0.71 0.41 -0.79 0.73 -0.88 -0.73 -0.93 -0.90 0.55 -0.09 -0.34
B - -0.92 0.21 -0.91 0.16 0.21 0.15 0.33 -0.24 1.00 0.25 0.58 0.99 -0.02 0.62 0.79
Al - 0.18 0.68 0.23 -0.57 0.24 -0.67 0.60 -0.95 -0.60 -0.85 -0.96 0.40 -0.27 -0.50
Si - -0.60 1.00 -0.91 1.00 -0.85 0.90 0.14 -0.90 -0.67 0.10 0.97 0.90 0.76
Ti - -0.56 0.22 -0.55 0.10 -0.19 -0.87 0.18 -0.19 -0.85 -0.40 -0.89 -0.98
V - -0.93 1.00 -0.88 0.92 0.09 -0.92 -0.71 0.05 0.98 0.88 0.73
Cr - -0.94 0.99 -1.00 0.28 1.00 0.92 0.32 -0.98 -0.64 -0.43
Mn - -0.89 0.92 0.07 -0.92 -0.72 0.03 0.99 0.87 0.72
Fe - -1.00 0.40 1.00 0.96 0.44 -0.95 -0.54 -0.31
Ni - -0.32 -1.00 -0.93 -0.35 0.97 0.61 0.40
Cu - 0.32 0.64 1.00 -0.09 0.55 0.75
Zn - 0.93 0.36 -0.97 -0.61 -0.39
As - 0.67 -0.82 -0.28 -0.03
Se - -0.13 0.52 0.72
Sr - 0.78 0.59
Mo - 0.97
Hg -
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Table 5. Percentages of Etna's ground water samples, divided by the two clusters of sites 
(cluster A = 4 sites; cluster B = 8 sites), that in each survey showed saturation or    
oversaturation (SI > 0) in the phases listed. The horizontal dash indicates under saturation. 
Calculations carried out with PHREEQC software (Parkhurst, 1995). 
Phases Cluster A Cluster B
1994 1995 1997 1994 1995 1997
Clay Minerals
Annite 25 25 - 13 25 13
Ca-Nontronite 25 50 75 50 50 88
Halloysite 25 75 25 50 38 50
K-Nontronite 25 50 75 50 50 88
Kaolinite 25 75 75 63 63 100
Leonhardite 25 75 50 63 63 100
Mg-Nontronite 25 50 75 50 50 88
Montmorillonite 25 50 50 50 63 88
Muscovite 25 75 75 63 63 100
Na-Nontronite 25 50 75 50 50 88
Pyrophyllite 25 75 75 63 63 100
Talc - - - - - 13
Tremolite - - - - - 13
Carbonates
Aragonite 25 - - - - -
Calcite 25 50 25 - - 25
Dolomite 25 25 25 - - 38
Magnesite - - 25 - - 38
Siderite 25 25 - - - -
Oxy-Hydroxides
Cr2O3 - 25 100 - 25 88
Cr(OH)3 - - 25 - - 38
Cuprite - - - - 25 -
Diaspore 25 75 100 13 63 100
Gibbsite (c) 25 25 50 13 13 38
Goethite 25 25 100 13 75 88
Hematite 25 50 100 13 75 88
Lepidocrocite 25 25 100 13 75 88
Maghemite 25 - 25 13 25 75
Magnetite 25 50 100 13 75 88
 31 
Figure Captions 
 
Fig. 1. Simplified volcano-tectonic map of Mt. Etna (modified from Acocella and Neri, 2003) 
showing the location of the groundwater sampling points and the main hydrogeological 
basins (separated by thick dashed lines: A = Northern basin; B = Western basin; C = 
Eastern basin) according to Ferrara (1990). Filled circles indicate wells, filled triangles 
indicate springs and filled squares indicate the entrance of drainage galleries. The white area 
encloses Etna’s volcanic rocks. TFS = Timpe Fault System. VB = Valle del Bove 
morphological depression. Altitudes in meters. 
 
Fig. 2. Dendrograms resulting from the application of the CA to the matrixes of data obtained in 
each of the three surveys of Mt. Etna’s groundwaters. Distances among groups were 
evaluated using the Ward’s method. Distances among objects were calculated using 
Euclidean distances. Computation performed using STATISTICA for Windows software. 
The graphs show the clusters of sampling sites in each survey (two clusters recognized, 
indicated with A and B), in decreasing order of similarity. Linkage distances in arbitrary 
units. 
 
Fig. 3. Temporal evolution of the parameters measured in the three surveys of Mt. Etna’s 
groundwaters, divided by the two clusters of sampling sites found with the CA. Pairs of 
symbols for each sampling year (open circles connected with solid lines for cluster A sites, 
open squares connected with dashed lines for cluster B sites) represent the average values of 
the indicated parameter calculated for the sites relevant to that cluster (sites B5, B10, C12, 
C14 for cluster A, all the other sites for cluster B). Temperature is in °C; Conductivity is in 
µS/cm; pH is in pH units; Eh is in mV; calculated p(CO2) is in atm; Ca, K, Mg, Na, Si, Cl-, 
SO42-, HCO3-, Li, B, Si and Sr are in mg/L; all other elements are in µg/L. 
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Fig. 4. Dendrograms resulting from the application of the CA to the matrixes of data obtained 
correlating the temporal patterns of the average values of each analysed parameter in a) 
cluster A and b) cluster B of sampling sites. Distances among groups were evaluated using 
the Ward’s method. Distances among objects were calculated using (1-r) distances. 
Computation performed using STATISTICA for Windows software. Both of the graphs 
highlight four families of parameters with high similarity (indicated with roman numbers).  
 
Fig. 5. Spatial distribution of sampling sites at Mt. Etna, according to their respective cluster, 
following the results shown in Fig. 2. Open circles = Cluster A sites; filled circles = Cluster 
B sites. Light dashed lines enclose cluster A sites. Thick dashed lines indicate the main 
hydrogeological basins (A = Northern basin; B = Western basin; C = Eastern basin) 
according to Ferrara (1990). Altitudes in meters. 
 
Fig. 6. Cl–SO4–HCO3 triangular plot for the samples collected at Mt. Etna during 1994, 1995 and 
1997 surveys (modified from Giggenbach, 1991). Ionic contents are in mg/kg. In the plot 
the compositional fields of the main types of water recognized by Giggenbach (1991) in 
volcanic and geothermal areas are also shown, along with the mixing trends (grey areas) 
that are likely to affect the sampled waters. The cross symbol with S.W. represents the 
composition of sea water. Most samples fall on a mixing trend between Bicarbonate 
Peripheral Groundwaters and Volcanic Waters (trend I). Other samples (e.g., all of those 
from site B1 and the 1995 sample from site B3) fall on a mixing trend between Bicarbonate 
Peripheral Groundwaters and Mature Geothermal Waters (trend II). The 1995 sample from 
site C6 seems to show as well a moderate influence from the geothermal component.  
 
 
 33 
 
 
 
 
 
 
 
 
 
 
 
 
 34 
 
 
 35 
 
Figure 3 
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Figure 3 (continued) 
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